We determine the encapsulation of a chloroform molecule into a D,L-Ala cyclopeptide nanotube by investigating the interaction energy between the two molecular structures. We employ the Lennard-Jones potential and a continuum approach which assumes that the atoms are evenly distributed over the molecules providing average atomic densities. Our result demonstrates that the encapsulation depends on the size of the molecule and the internal diameter of the peptide nantube. In particular, the on-axis chloroform molecule is only accepted into a peptide nanotube whose internal radius is greater than 5 Å. If located near the edge of the nanotube, then it is unlikely that the chloroform molecule will enter the nanotube. This is due to the energy valley that the molecule will need to overcome to move past the edge into the open end of the nanotube. 
Introduction
Peptide nanotubes have promising applications in many fields, such as chemical, biological, medical and material sciences [1] . Peptide nanotubes consist of cyclic peptide rings with an even number of alternating L-D amino acid residues. These cyclic peptide rings adopt flat-ring shaped conformation with C-O and N-H bonds that are perpendicular to the plane of the ring with the side chain of the amino acids pointing outward. In a suitable condition, these rings self-assemble to form hollow tubular structures as the rings stack on top of each other through the network of hydrogen bonding between adjacent rings [2] - [5] .
One of the proposed applications for peptide nanotubes is as artificial transmembrane channels that have the capability to mimic naturally occurring ion channels for transporting ions, water and small molecules across cell membranes [6] [7] . Since the experimental observation of Ghadiri et al. [6] on the transport activities of K + and Na + in peptide nanotubes, many studies investigate various aspects of peptide nanotubes as potential transmembrane channels [5] [7] - [15] . Several studies investigate the permeation of ions into peptide nanotubes and determine the behaviour of the ions inside the tubes based on the energy profiles [9] [10] [12] . There are also studies investigating the dynamics and the distribution of water molecules in peptide nanotubes using molecular dynamics simulations [5] [13] [14] . In Cheng et al. [11] , the adsorption of a chloroform molecule (CHCl 3 ) onto the surface of a cyclo[(1 R, 3 S)-γ-Acc-D-Phe] 3 peptide nanotube in a solvent box of 100 CHCl 3 is studied by employing molecular dynamics simulations. They find that CHCl 3 molecules can bind to both the outer surface and the inner lumen of the peptide nanotube. Based on these results, Cheng et al. [11] suggest that peptide nanotubes are capable of transporting CHCl 3 molecules, demonstrating their potential use as artificial channels for organic molecules.
To further our understanding of the interaction between chloroform molecules and peptide nanotubes, this paper develops mathematical models to describe the interaction between the two structures, aiming to elucidate the encapsulation behaviour of the chloroform molecules into peptide nanotubes. Two scenarios are considered, namely: 1) an on-axis chloroform molecule and 2) a chloroform molecule located near the edge of the peptide nanotube. We employ the Lennard-Jones potential and the continuum approach to derive an analytical expression for the interaction energy between a chloroform molecule and a peptide nanotube. This model can be used to determine the condition under which the chloroform molecule will be encapsulated into a peptide nanotube. By minimizing the interaction energy we can also predict its preferred location inside the nanotube. We note that this model can be adopted to study other spherical molecular structures interacting with peptide nanotubes. This paper is structured as follows. In Section 2, we briefly introduce the Lennard-Jones potential and the continuum approach. In Sections 3 and 4, we derive analytical expressions for the potential energy for the two assumed locations of the chloroform molecule interacting with a peptide nanotube. In the subsequent section we present the numerical results and discussion. Finally, we summarize our findings in Section 6.
Modelling Approach
To obtain the interaction energy between a chloroform molecule and a peptide nanotube, we use the LennardJones potential and a continuum approach. The continuum approach using the Lennard-Jones potential was first introduced by Girifalco [16] for the interaction between two C 60 molecules. Subsequently, this approach has been successfully adopted by many researchers, such as Baowan et al. [17] [18] and Cox et al. [19] [20] to obtain explicit analytical criteria for the interaction potentials involving carbon nanostructures. Furthermore, studies of interactions involving biological materials such as lipid bilayers, lipid nanotubes and liposomes [21] - [23] , have also indicated that this approach produces results that are in good agreement with intensive computational studies. For the study of peptide nanotubes, Rahmat et al. [24] adopt the Lennard-Jones potential and the continuum approach to model the interactions of a peptide nanotube with an ion, an ion-water cluster and a fullerene C 60 . The results obtained are shown to be consistent with experiments and molecular dynamics simulations. With this in mind, this paper extends the modelling approach in [24] to investigate the potential use of peptide nanotubes as an artificial channel for transporting organic molecules, such as chloroform.
The Lennard-Jones potential for two nonbonded atoms at a distance ρ apart is given by ( )
where A and B represent the attractive and repulsive constants, respectively. We can also write this equation as ( ) 12 6 4 ,
where ε is the energy well depth and σ is the van der Waals diameter. The repulsive term 1/ρ 12 dominates at a short distance, while the attractive term 1/ρ 6 dominates at a longer distance. The conventional pairwise method determines the interaction energy for two nanostructures by summing the potential energy for each atom pair, namely ( ) ( ) where µ 1 and µ 2 denote the mean surface densities of atoms on each nanostructure, and ρ is the distance between typical surface elements dS 1 and dS 2 on the two different nanostructures.
To adopt the continuum approach, we consider the chloroform molecule to be a sphere, where the C atom is assumed to be at the centre of the sphere and the Cl and H atoms are assumed to be on the surface of the sphere. Further, we assume that a peptide nanotube is made up of n units, where each unit comprises an inner and an outer tube. For the study of the chloroform molecules, Cheng et al. [11] use the cyclo[(1 R, 3 S)-γ-Acc-D-Phe] 3 peptide nanotube. However, in this study we adopt the cyclo[(-D-Ala-L-Ala) 4 -] peptide nanotube since it has a simple molecular structure. From [1] , each cyclo[(-D-Ala-L-Ala) 4 -] peptide unit has eight amino acid residues. The inner tube consists of 48 backbone atoms which are made up of 16 carbon atoms, 16 hydrogen atoms, 8 nitrogen atoms and 8 oxygen atoms whilst the outer tube consists of 32 atoms including 8 carbon atoms and 24 hydrogen atoms. The radii of the inner and the outer tube for cyclo[(-D-Ala-L-Ala) 4 -] are 4.25 Å, and 7.95 Å, respectively, L = 2.5 Å is the length of each peptide unit and d = 4.8 Å, is the average distance between the centres of two neighbouring units [1] . We also examine D, L-Ala cyclopeptide nanotubes that have 10 and 12 amino acids where based on [25] and [26] , we assume that the inner tube radii are 5 Å and 6.5 Å, respectively. The numerical values for constants used in this paper are given in Table 1 , where the van der Waals parameters, σ i and ε i , are taken from [27] .
We comment that peptide nanotubes are complex structures, therefore using our approach we sacrifice some accuracy to achieve computational efficiency. However, we note in many areas the sacrifice is justified as the model captures the dominant interactions.
Interaction between an on-Axis Chloroform Molecule and a Peptide Nanotube
In this section, we investigate the interaction between an on-axis chloroform molecule and a peptide nanotube, as shown in Figure 1 . We denote by a 1 and a 2 the radii of the inner and outer tubes respectively, by L the length of each peptide unit and by d the distance between the centres of two neighbouring units. We also assume that the spherical chloroform has radius b and its centre is located at the distance Z along the central axis of the peptide nanotube. The total interaction energy between the on-axis chloroform and the peptide nanotube comprises four components: 1) carbon atom at the centre of the sphere and the inner tube; 2) carbon atom at the centre of the sphere and the outer tube; 3) Cl and H atoms on the surface of the sphere and the inner tube tube, and 4) Cl and H atoms on the surface of the sphere and the outer tube. Thus, we have ,
where E AI , E AO , E SI and E SO are the interaction energies corresponding to (1)- (4), respectively. Following [20] , the interaction between an atom and a nanotube can be written as ( ) 6 12 2π ,
where P n is given by 
to obtain an analytical solution of (3.2). The mean atomic surface density µ t for either the inner or the outer tube is calculated as µ t = (number of atoms)/2πaL.
From [20] , the interaction between a sphere and a nanotube is given by and A and B are the average attractive and repulsive constants, respectively, for the interaction involving atoms on the surface of the sphere and atoms comprising the nanotube. We note that we can use (3.3) to evaluate the integral Q n in (3.5).
Interaction for a Chloroform Molecule near the Edge of a Peptide Nanotube
Here, we investigate the interaction for a chloroform molecule located near the edge of a peptide nanotube, as shown in Figure 2 . The centre of the chloroform is assumed to have coordinates (x, 0, Z) and a typical point on the surface of the nanotube is assumed to have coordinates (acosθ, asinθ, z). The sphere is assumed to be rotated at an angle ϕ, such that Z = rcosϕ and x = a + rsinϕ, where r is the distance between the edge of the nanotube and the centre of the chloroform molecule. The distance ρ between these two typical elements is given by ( ) Similar to the previous section, the total interaction energy between the chloroform molecule and the peptide nanotube can be written as the sum of the four interactions, namely E are the interaction energies between the surface of the sphere and the inner and outer tubes, respectively. The superscript * is used in this case to denote the energy for the chloroform molecule being at the edge of a peptide nanotube.
The interaction energy between an atom around the edge of the nanotube can be written as ( )
where the integral R 2n is defined by
and can be evaluated to yield where β 1 = Z and β 2 = Z − L. We comment that the integrals in (3.9) can be evaluated numerically and their analytical expressions are given in [17] . The interaction energy for a sphere around the edge of a nanotube can be written as 
Following [18] , V n is defined by Baowan et al. [18] develop this model for a semi-infinite tube, whereas in our case this model is for a finite tube.
Numerical Results
In this section, we present numerical results for the interaction between a chloroform molecule and a peptide nanotube. Firstly, we show the results for an on-axis chloroform molecule interacting with one peptide unit of various sizes. We plot the graph of the interaction energies versus the axial position of the chloroform molecule, Z. Noting that Z = 0 denotes the position where the chloroform molecule is at the open end of the nanotube. As shown in Figure 3 , there is a high energy barrier at the open end of the peptide unit of inner radius 4.25 Å that prevents the chloroform molecule from being accepted into the nanotube. Figure 4 shows the energy profiles for peptide nanotubes of inner radii 5 Å and 6.5 Å. We can see that the minimum energy occurs inside the peptide unit. This result suggests that the chloroform molecule can be encapsulated into both peptide units. However, the chloroform molecule is more stable inside the 5 Å peptide nanotube as the energy is much lower than that of the 6.5 Å peptide nanotube. Thus, we can conclude that the encapsulation process is strongly dependent on the size of the inner radius of the peptide nanotube. Figure 5 illustrates the strong effect of the inner tube (backbone atoms) upon the total interaction energy by plotting the interactions for: 1) the chloroform molecule and the inner tube of the peptide unit and 2) the chloroform molecule and both the inner and outer tubes of the peptide unit. We use the inner tube of radius 5 Å in Figure 5 . We find that there is only a slight difference between the energies for both interactions. This finding shows that the short range interaction between the chloroform molecule and the backbone atoms on the inner tube dominates the total interaction energy. This may be due to that the side chain atoms on the outer tube are further away from the chloroform molecule.
Next, we plot in Figure 6 the interaction energy between a chloroform molecule and a peptide nanotube with more than one peptide units. Again, this is the case when the inner radius of the peptide nanotube is 5 Å. In 6 we observe an undulating behaviour for the interactions involving at least three peptide units. For the case of four or more peptide units, the local minima reach the same value implying that additional units do not significantly affect the magnitude of the minimum energy. We conclude that using four peptide units is adequate to attain the minimum energy for this case.
Next, we determine the preferred location of the chloroform molecule inside the peptide nanotube. This position can be either within the peptide unit or in the space between each unit. As shown in Figure 7 , we find that the minimum energy occurs when the chloroform molecule is located in the space between each peptide unit. This result is in good agreement with [11] which concludes that every chloroform molecule occupies the centre cavity between two neighboring units. Even though we use a simpler type of a peptide nanotube compared with that of [11] , the backbone atomic structures are similar and therefore our results are comparable. In addition, given the size of the molecule, this result is consistent with the preferred location of a water molecule in a peptide nanotube [14] [15] and an ion-water cluster in a peptide nanotube [24] .
In Table 2 , we present the interaction energy between a peptide nanotube of inner radius 5 Å and the chloroform molecule which is assumed to be located near the edge of the nanotube in the positive z-direction. We note Table 2 the chloroform molecule will not be encapsulated into the tube if its location is at the edge on the positive z-direction of the tube. This is because of the lower energy level at that position, which is needed to be overcome before the molecule can move inside the nanotube. However, the entrance would occur if an initial energy is given for the chloroform molecule to overcome such an energy barrier. The chloroform molecule has a greater probability of encapsulation around the tube edge if it is initially located closer to the tube edge at ϕ > 5π/2. We note that for the chloroform molecule that can overcome the energy barrier and located in the negative z-direction, the analysis for the encapsulation as shown the previous section applies.
Summary
This paper investigates two scenarios of a chloroform molecule interacting with a peptide nanotube by employing the Lennard-Jones potential and a continuum approach. We find that an on-axis chloroform molecule is accepted into a peptide nanotube of inner radii 5 Å or 6.5 Å, and is rejected from a tube of inner radius 4.25 Å. As a result, we can say that the encapsulation of a chloroform molecule into a peptide nanotube depends strongly on the size of the molecule and the internal diameter of the peptide nanotube. We also find that inside a nanotube the chloroform molecule prefers to be in the space between each peptide unit. Further, our results suggest that the chloroform molecule located near the edge on the positive z-direction along the nanotube is unlikely to be encapsulated into the peptide nanotube. This is due to the high energy barrier that the molecule would need to overcome to move to the negative z-direction to be closer to the open end of the nanotube. Our results presented here provide an insight into the encapsulation of a chloroform molecule into a peptide nanotube and its behavior inside the nanotube. Our findings support Cheng et al. [11] on the potential use of peptide nanotubes as artificial channels for transporting organic molecules across cell membranes, indicating the ability to use peptide nanotubes in applications of targeted drug and gene delivery [28] .
